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Zervos 2012). Three levels for each parameter were 
selected, i.e. the upper-bound, the lower-bound and a 
mid-range value. The Taguchi orthogonal array cho-
sen for this analysis was the conventional “L9”, in-
volving a total of 9 simulations to explore the effect 
of four three-level factors. The simulation response 
was expressed as the RMSE quantifying the discrep-
ancy between the measured and simulated outlet fluid 
temperature, limited to the reproduction of TRT stage 
2 (Figure 2).
Table A1. Taguchi orthogonal array “L9” with parameter settings. 
In the rightmost column the output in terms of calculated RMSE
between the measured and simulated outlet fluid temperature.
Run λg λc cg cc RMSE
# W/mK W/mK J/kgK J/kgK
1 2.2 2.6 2050 950 0.2330553
2 2.2 2.8 2100 1000 0.1998981
3 2.2 3 2150 1050 0.2913251
4 2.3 2.6 2100 1050 0.2129381
5 2.3 2.8 2150 950 0.2317168
6 2.3 3 2050 1000 0.306722
7 2.4 2.6 2150 1000 0.2223933
8 2.4 2.8 2050 1050 0.2478095
9 2.4 3 2100 950 0.353036
confirmation 2.2 2.6 2150 1000 0.219218
Table A2. Response table for the parametric analysis, showing in 
the bottom line the ranking of importance of parameters, from the 
strongest to the weakest effect.
RESPONSE TABLE (RMSE of predicted vs measured temperature)
Level/par. λg λc cg cc 
Min 0.241 0.223 0.263 0.273
Med 0.25 0.226 0.255 0.243
Max 0.274 0.317 0.248 0.251
Effect of parameter (Delta) 0.033 0.094 0.014 0.03
Ranking 2 1 4 3
The parameter settings and the output for each of 
the nine runs are reported in Table A1. It can be seen 
that the parameter combination in run #2 gives the 
lowest RMSE. Next, the RMSE output values were 
interpreted with a level average analysis (e.g., Peace 
1993), to establish a ranking of most influential pa-
rameters in the model response, with the results 
summarised in Table A2. It emerges that the two 
most important parameters in minimising RMSE are 
(1) λc and (2) λg, hence their selection deserves most 
attention when the numerical model is used to back-
calculate field thermal properties by fitting TRT data.
Finally, a reliability check (e.g., Peace 1993) was 
carried out, an estimate of the simulated response 
with optimal parameter settings and comparing it 
with a confirmation run (bottom line of Table A1) us-
ing the same settings of the parameters. The reliabil-
ity check corroborates the validity of this analysis, 
since the estimated and numerically calculated 
RMSEs are close, resulting in 0.189 and 0.219 re-
spectively.
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ABSTRACT  The environmental and economic benefits of utilising the ground for extracting and storing heat have been known for a 
long time. However, only recently have government sustainability policies and rising energy prices encouraged the use of this renewable 
energy resource. In open-loop systems water is abstracted from one well and re-injected into another after exchanging energy with a build-
ing’s heating/cooling system using a heat pump. In order to guarantee a good performance of the system, it is fundamental that the possibil-
ity of thermal breakthrough occurring is minimised, i.e. that the temperature of the water being abstracted remains unaffected by the injec-
tion of warmer/cooler water at the other well. In this paper, the Imperial College Finite Element Program (ICFEP), which is capable of 
simulating fully coupled thermo-hydro-mechanical behaviour of porous materials, was used to perform two-dimensional analyses of open-
loop ground source heat systems. The parametric studies carried out highlight the relative impact on the occurrence of thermal break-
through of the hydraulic ground conditions and the geometric characteristics of the system, providing an invaluable insight into possible 
improvements to the current design procedure. 
 
 
RÉSUMÉ  Les avantages environnementaux et économiques de la géothermie pour stocker ou extraire de la chaleur sont connus de 
longue date. Cependant, ce n'est que récemment que les politiques gouvernementales dites durables ainsi que la hausse des prix de l’énergie 
ont encouragé l'utilisation de cette ressource renouvelable. Dans un système en boucle ouverte, l'eau est puisée dans un premier puits puis 
réinjecté dans un deuxième après avoir échangé de l'énergie dans la pompe à chaleur d'un bâtiment afin de le refroidir ou le chauffer. Pour 
garantir un bon fonctionnement, il est impératif de minimiser la possibilité d'une percée thermique: la température de l'eau puisée ne doit 
pas être affectée par la réinjection d'eau plus chaude ou plus froide dans l'autre puits. Cette étude a utilisé le programme d'élément finis 
ICFEP (Imperial College Finite Element Program) capable de simuler le comportement de matériaux poreux sous contraintes thermo-
hydro-mécaniques totalement couplées, pour effectuer des analyses bidimensionnelles de systèmes géothermiques en boucle ouverte. Les 
études paramétriques réalisées soulignent l'impact des conditions hydrauliques du sol et des caractéristiques géométrique du système sur 
l’apparition du phénomène de percée thermique fournissant ainsi un éclairage précieux sur de possibles améliorations des procédures de 
conception actuelles. 
 
1 INTRODUCTION 
The growing concern over the management of the 
Earth’s energy resources has led to an increased in-
terest in renewable energy technology in recent 
years. The focus of this paper is on geothermal ener-
gy systems which utilise the thermal energy stored in 
the subsurface. These ground source energy systems 
have been recognised as efficient and reliable renew-
able energy sources and are becoming increasingly 
popular (Antics et al. 2013). 
 Ground source energy systems are classified as ei-
ther closed-loop or open-loop (Banks 2009). The 
closed-loop systems consist of a series of pipes bur-
ied in the ground (or submerged in a body of water). 
A carrier fluid is pumped through the pipes in order 
to transfer heat from or into the ground. In open-loop 
systems water is abstracted from one location and, af-
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ter extraction or injection of heat, it is returned to an-
other location at a suitable distance. Possible sources 
of water include lakes, rivers, seas, or groundwater, 
which will be the focus of this paper. The most 
common method of abstraction of groundwater is 
through wells. 
Although open-loop systems have higher energy 
yield than closed-loop systems, they require mainte-
nance, which increases their long term cost, and carry 
environmental risks associated with groundwater pol-
lution (Boennec 2008). One of the main design con-
cerns is the spacing between the wells. If the wells 
are too close to each other, there is a risk of waste 
water flowing against the natural water gradient back 
to the abstraction well (Banks 2012). Therefore, in a 
cooling scheme, the upstream well abstracting cold 
water becomes ‘polluted’ with the warm water from 
the downstream well and the efficiency of the system 
is reduced. This phenomenon is called thermal break-
through. 
To model open-loop systems, especially the phe-
nomenon of thermal breakthrough, a formulation 
coupling ground water flow and heat transfer is re-
quired. Due to the complexity of the formulation, 
numerical methods, including finite difference meth-
od and finite element method, have been adopted to 
obtain the solutions (e.g. Clauser 2003, Diersch 
2014).  
This paper presents results of a finite element sim-
ulation of an open-loop injection-abstraction well 
doublet system. A series of parametric studies was 
performed using the Imperial College Finite Element 
Program – ICFEP (Potts & Zdravković 1999), which 
is capable of simulating fully coupled thermo-hydro-
mechanical (THM) behaviour of porous materials, in 
order to investigate the effect of hydraulic gradient 
and well separation distance on the occurrence of 
thermal breakthrough.  
2 GOVERNING FORMULATION  
2.1 Pore fluid flow 
Incompressible pore fluid flow through a fully satu-
rated soil is assumed to have to satisfy the equation 
of continuity, which can be written as: 
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where vx, vy, vz are the components of the superficial 
velocity of the pore fluid in the coordinate directions, 
εv is the volumetric strain of the soil skeleton due to 
stress changes, Qw represents any pore fluid sources 
and/or sinks, and t is time. The seepage velocity, 
{vw}T={vx, vy, vz}, is generally considered to be gov-
erned by the generalised Darcy’s law, which is given 
by:  
 
    hkv ww              (2) 
 
where [kw] is the permeability matrix and h  is the 
gradient of the hydraulic head. 
2.2 Heat transfer 
Heat transfer in fully saturated soils generally in-
volves three modes: conduction, convection and radi-
ation. Here, the effect of radiation is assumed to be 
negligible (Farouki 1981) and, therefore, is not taken 
into account. The equation governing ground heat 
transfer is generally formulated based on the law of 
energy conservation, which can be expressed as: 
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where Φθ is the heat content of soil per unit volume, 
Qθ is the heat flux per unit volume including heat 
conduction and heat convection, and dV is the vol-
ume of the soil. The term related to heat content, Φθ, 
is defined according to the proportion of different 
soil components. For fully saturated soils, it is de-
fined as:  
 
   rpsspww CnCn   )1(      (4) 
 
where Cpw and Cps are the specific heat capacities of 
pore water and soil particles respectively, ρw and ρs 
are the densities of pore water and soil particles, re-
spectively, n is porosity, θ is the overall temperature 
of pore water and soil particles, and θr is a reference 
temperature. The heat flux term, Qθ , is written as the 
sum of heat conduction qd and heat convection qc: 
cd qqQ                (5) 
 
where 
 
    kqd              (6) 
  rwpwwc vCq             (7) 
 
and [kθ] is the conductivity matrix. 
The finite element formulation for simulating 
thermo-hydraulic coupled problems without consid-
ering the volumetric change of soils can be obtained 
by combining Equations (1)-(7). As the variation in 
temperature is also time dependent, a time marching 
scheme is adopted for the heat transfer equation fol-
lowing a similar process to that for consolidation and 
seepage (Potts & Zdravković 1999). 
3 NUMERICAL ANALYSIS 
3.1 Problem geometry 
The hypothetical scenario considered in this paper 
was adapted from Banks (2011). The system consists 
of a well doublet in a 50 m-thick homogenous sand-
stone aquifer with an initial temperature of 10 °C. A 
constant pumping rate of 10 l/s with water injected at 
a constant temperature of 20 °C was assumed. The 
thermal and hydraulic properties of the aquifer are 
listed in Table 1.  
The objective of the performed parametric studies 
was to provide insight into the performance of the 
open-loop system and how it is influenced by: (1) the 
hydraulic gradient (0.00 m/m, 0.01 m/m or 0.02 
m/m) and (2) the well separation distance (20 m or 
40 m). The following cases were considered: 
 
 Case A: 20 m well spacing and no hydraulic 
gradient 
 Case B: 20 m well spacing and 0.01 m/m hy-
draulic gradient 
 Case C: 20 m well spacing and 0.02 m/m hy-
draulic gradient 
 Case D: 40 m well spacing and 0.01 m/m hy-
draulic gradient 
 
 
Table 1. Material properties (Banks 2011). 
Permeability, k (m/day) 5.0 
Volumetric heat capacity of aquifer, 
ρsCps (MJ/m3/K) 
2.2 
Volumetric heat capacity of water, 
ρwCpw (MJ/m3/K) 
4.19 
Thermal conductivity, λ (W/m/K) 1.0 
 
3.2 Numerical modelling 
In order to investigate the effect of hydraulic gradient 
and well separation distance on the time to thermal 
breakthrough, two-dimensional (2D) plane strain (i.e. 
considering 1 m of the 50 m thick aquifer) coupled 
thermo-hydraulic finite element analyses were car-
ried out using ICFEP.  
Figure 1 shows the finite element mesh consisting 
of 4-noded quadrilateral elements. To avoid numeri-
cal oscillations induced by the adoption of a large 
Péclet number (Heinrich & Pepper 1999), the mesh is 
refined around the wells (where the smallest elements 
are 0.025 m), with the element size increasing with 
the radial distance to the wells. Since the problem is 
symmetric, only half of the space was discretised.  
The hydraulic boundary conditions include injec-
tion and abstraction of water at the two wells, in ad-
dition to prescribed pore pressures at the far left, 
right and top mesh boundaries in order to establish 
the required hydraulic gradient in a direction parallel 
to the line between the two wells. In terms of thermal 
boundary conditions, a constant temperature was de-
fined at the injection well (20 °C), as well as the far 
left, right and top mesh boundaries (10 °C). Addi-
tionally, a thermo-hydraulic coupled boundary condi-
tion was applied where water was leaving or entering 
the mesh, i.e. abstraction well and far left, right and 
top mesh boundaries, to account for the heat transfer 
induced by the volumetric change of the water in the 
mesh. 
The analyses were performed in two stages. Dur-
ing the first stage, a steady-state pore water pressure 
field based on the specified hydraulic gradient was 
established. In the second stage, the injec-
tion/abstraction of water was simulated by applying 
the corresponding boundary conditions.  
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3.3 Assumptions 
It is important to note that, in all the performed 
analyses, the geomaterial was modelled as rigid, 
while thermal equilibrium between the porous matrix 
and the groundwater was assumed as instantaneous. 
Moreover, the simulated aquifer was idealised as 
homogeneous, isotropic, of constant thickness and 
with fully penetrating wells. Naturally, the injection 
well was placed downstream from the abstraction 
well. Given the adopted geometric simplification (2D 
plane strain), no groundwater or heat flux is simulat-
ed in the out-of-plane direction. Lastly, a constant 
pumping rate and injection temperatures were as-
sumed. 
 
Figure 1. Finite element mesh for case with 20 m well spacing 
(plan view of the well doublet system). 
3.4 Results 
3.4.1 Effect of hydraulic gradient 
In order to investigate the effect of hydraulic gradient 
on the time to thermal breakthrough the well separa-
tion distance was set to 20 m and the magnitude of 
the hydraulic gradient was varied (cases A, B and C).  
Figure 2 shows the temperature in the aquifer with 
a hydraulic gradient of 0.01 m/m after 6, 10 and 14.5 
days. The temperature evolution at the abstraction 
well for cases with different hydraulic gradients is 
presented in Figure 3. Thermal breakthrough is de-
fined as the point at which the temperature of the ab-
stracted water starts to increase from its initial value 
of 10 °C. The times to thermal breakthrough are 
compared in Table 2. 
 Well doublet systems are positioned so that the in-
jection well is always downstream from the abstrac-
tion well in order to reduce the likelihood of back-
flow. The case with zero hydraulic gradient is there-
fore considered as the most critical, with the time to 
thermal breakthrough increasing for cases with high-
er natural groundwater flow, as expected.  
Numerous analytical and empirical equations de-
scribing the heat flow in porous media have been de-
veloped for specific open-loop scenarios (e.g. Clyde 
& Madabhushi 1983, Banks 2011). In general, these 
predict the time to thermal breakthrough, as well as 
the evolution of temperature at the abstraction well 
after thermal breakthrough, and can be useful for pre-
liminary design. For example, Banks (2011) adapted 
the 2D analytical solutions of Luo & Kitanidis (2004) 
to the well doublet problem described in this paper, 
to estimate the time to thermal breakthrough in an 
aquifer with a hydraulic gradient of 0.01 m/m, pre-
dicting 14 days for 20 m well spacing. This value is 
in a very good agreement with the numerical predic-
tion of 13.7 days. It should be noted that, in the ana-
lysed case, the behaviour of the open-loop system is 
dominated by the injection/abstraction rate, with the 
effect of the natural groundwater flow being relative-
ly small.  
 
 
Figure 2. Aquifer temperature after (a) 6 days, (b) 10 days and (c) 
14.5 days of injection of water at 20 °C for case B. 
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Table 2. Simulated times to thermal breakthrough for different 
well spacing and hydraulic gradients. 
Case Well spac-ing (m) 
Hydraulic gra-
dient (m/m) 
Time to thermal break-
through (days) 
A 20 0.00 13.7 
B 20 0.01 14.7 
C 20 0.02 15.9 
D 40 0.01 63.3 
 
 
Figure 3. Temperature at the abstraction well for cases A, B and 
C. 
3.4.2 Effect of well spacing 
In the following analysis the well separation distance 
was increased to 40 m, while the hydraulic gradient 
was set to a value of 0.01 m/m (case D). Figure 4 
presents the evolution of temperature at the abstrac-
tion well. The times to thermal breakthrough are 
compared in Table 2.  
 It is clear that increasing the well spacing has a 
large effect on the performance of the system, i.e. 
doubling the separation distance quadruples the time 
to thermal breakthrough. 
 The analytical solutions by Banks (2011) predict 
60 days to thermal breakthrough for this scenario, 
which compares well with the numerical prediction 
of 63.3 days. 
 
Figure 4. Temperature at the abstraction well for cases B and D. 
3.4.3 Long term temperature 
The simulation of case B was extended in order to 
study the long term temperature at the abstraction 
well and the results are shown in Figure 5. 
Approximately 90 days after thermal breakthrough 
the temperature at the abstraction well is 15.4 °C. 
Clearly, the obtained evolution suggests that a steady 
state has not yet been reached at this stage, though 
the rate of temperature increase appears to be reduc-
ing. Banks (2011) predicts an equilibrium abstraction 
temperature of 16.3 °C. 
4 CONCLUSIONS 
This paper presents a series of two-dimensional finite 
element analyses aimed at investigating the occur-
rence of thermal breakthrough in well doublet sys-
tems with different well spacing and hydraulic gradi-
ents. 
The time to thermal breakthrough was shown to 
increase with both increasing hydraulic gradient and 
increasing distance between the injection and ab-
straction wells, as expected. Moreover, the numerical 
results are in good agreement with the analytical so-
lutions obtained by Banks (2011).  
In this paper the open-loop systems are modelled 
in two dimensions, which may only be adequate for 
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3.3 Assumptions 
It is important to note that, in all the performed 
analyses, the geomaterial was modelled as rigid, 
while thermal equilibrium between the porous matrix 
and the groundwater was assumed as instantaneous. 
Moreover, the simulated aquifer was idealised as 
homogeneous, isotropic, of constant thickness and 
with fully penetrating wells. Naturally, the injection 
well was placed downstream from the abstraction 
well. Given the adopted geometric simplification (2D 
plane strain), no groundwater or heat flux is simulat-
ed in the out-of-plane direction. Lastly, a constant 
pumping rate and injection temperatures were as-
sumed. 
 
Figure 1. Finite element mesh for case with 20 m well spacing 
(plan view of the well doublet system). 
3.4 Results 
3.4.1 Effect of hydraulic gradient 
In order to investigate the effect of hydraulic gradient 
on the time to thermal breakthrough the well separa-
tion distance was set to 20 m and the magnitude of 
the hydraulic gradient was varied (cases A, B and C).  
Figure 2 shows the temperature in the aquifer with 
a hydraulic gradient of 0.01 m/m after 6, 10 and 14.5 
days. The temperature evolution at the abstraction 
well for cases with different hydraulic gradients is 
presented in Figure 3. Thermal breakthrough is de-
fined as the point at which the temperature of the ab-
stracted water starts to increase from its initial value 
of 10 °C. The times to thermal breakthrough are 
compared in Table 2. 
 Well doublet systems are positioned so that the in-
jection well is always downstream from the abstrac-
tion well in order to reduce the likelihood of back-
flow. The case with zero hydraulic gradient is there-
fore considered as the most critical, with the time to 
thermal breakthrough increasing for cases with high-
er natural groundwater flow, as expected.  
Numerous analytical and empirical equations de-
scribing the heat flow in porous media have been de-
veloped for specific open-loop scenarios (e.g. Clyde 
& Madabhushi 1983, Banks 2011). In general, these 
predict the time to thermal breakthrough, as well as 
the evolution of temperature at the abstraction well 
after thermal breakthrough, and can be useful for pre-
liminary design. For example, Banks (2011) adapted 
the 2D analytical solutions of Luo & Kitanidis (2004) 
to the well doublet problem described in this paper, 
to estimate the time to thermal breakthrough in an 
aquifer with a hydraulic gradient of 0.01 m/m, pre-
dicting 14 days for 20 m well spacing. This value is 
in a very good agreement with the numerical predic-
tion of 13.7 days. It should be noted that, in the ana-
lysed case, the behaviour of the open-loop system is 
dominated by the injection/abstraction rate, with the 
effect of the natural groundwater flow being relative-
ly small.  
 
 
Figure 2. Aquifer temperature after (a) 6 days, (b) 10 days and (c) 
14.5 days of injection of water at 20 °C for case B. 
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Table 2. Simulated times to thermal breakthrough for different 
well spacing and hydraulic gradients. 
Case Well spac-ing (m) 
Hydraulic gra-
dient (m/m) 
Time to thermal break-
through (days) 
A 20 0.00 13.7 
B 20 0.01 14.7 
C 20 0.02 15.9 
D 40 0.01 63.3 
 
 
Figure 3. Temperature at the abstraction well for cases A, B and 
C. 
3.4.2 Effect of well spacing 
In the following analysis the well separation distance 
was increased to 40 m, while the hydraulic gradient 
was set to a value of 0.01 m/m (case D). Figure 4 
presents the evolution of temperature at the abstrac-
tion well. The times to thermal breakthrough are 
compared in Table 2.  
 It is clear that increasing the well spacing has a 
large effect on the performance of the system, i.e. 
doubling the separation distance quadruples the time 
to thermal breakthrough. 
 The analytical solutions by Banks (2011) predict 
60 days to thermal breakthrough for this scenario, 
which compares well with the numerical prediction 
of 63.3 days. 
 
Figure 4. Temperature at the abstraction well for cases B and D. 
3.4.3 Long term temperature 
The simulation of case B was extended in order to 
study the long term temperature at the abstraction 
well and the results are shown in Figure 5. 
Approximately 90 days after thermal breakthrough 
the temperature at the abstraction well is 15.4 °C. 
Clearly, the obtained evolution suggests that a steady 
state has not yet been reached at this stage, though 
the rate of temperature increase appears to be reduc-
ing. Banks (2011) predicts an equilibrium abstraction 
temperature of 16.3 °C. 
4 CONCLUSIONS 
This paper presents a series of two-dimensional finite 
element analyses aimed at investigating the occur-
rence of thermal breakthrough in well doublet sys-
tems with different well spacing and hydraulic gradi-
ents. 
The time to thermal breakthrough was shown to 
increase with both increasing hydraulic gradient and 
increasing distance between the injection and ab-
straction wells, as expected. Moreover, the numerical 
results are in good agreement with the analytical so-
lutions obtained by Banks (2011).  
In this paper the open-loop systems are modelled 
in two dimensions, which may only be adequate for 
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initial design stages. Indeed for detailed design, or 
where multiple systems co-exist, 3D analyses are 
likely to be required. Moreover, the assumption of 
instantaneous thermal equilibrium is accepted in 
granular porous materials (Nield & Bejan 2006), 
however, in some aquifers, such as those where pre-
vailing paths exist, it may not be valid and may affect 
the estimation of time to thermal breakthrough. 
The excellent agreement between analytical solu-
tions and the obtained numerical results has shown 
that ICFEP can successfully simulate highly convec-
tive coupled thermo-hydraulic problems, such as 
open-loop systems. Therefore, the analyses presented 
here can be extended to more complex scenarios in 
order to provide more insight into improving the cur-
rent design procedures. 
 
 
Figure 5. Long term temperature at the abstraction well for case B. 
ACKNOWLEDGEMENT 
This work was funded by China Scholarship Council 
(CSC) and Engineering and Physical Sciences Re-
search Council (EPSRC). 
REFERENCES 
Antics, M., Bertani, R. & Sanner, B. 2013. Summary of EGC 2013 
country update reports on geothermal energy in Europe. European 
Geothermal Congress 2013, EGC, Pisa. 
Banks, D. 2009. An introduction to 'thermogeology' and the ex-
ploitation of ground source heat. Quarterly Journal of Engineering 
Geology and Hydrogeology, 42, 283-293. 
Banks, D. 2011. The application of analytical solutions to the 
thermal plume from a well doublet ground source heating or cool-
ing scheme. Quarterly Journal of Engineering Geology and Hy-
drogeology, 44, 191-197. 
Banks, D. 2012. An Introduction to Thermogeology: Ground 
Source Heating and Cooling, Wiley-Blackwell, Chichester. 
Boennec, O. 2008. Shallow ground energy systems. Proceedings 
of Institution of Civil Engineers: Energy, 161, 57-61. 
Clauser, C. 2003. Numerical Simulation of Reactive Flow in Hot 
Aquifers: SHEMAT and Processing SHEMAT, Springer, Berlin. 
Clyde, C. & Madabhushi, G. 1983. Spacing of wells for heat 
pumps. Journal of Water Resources Planning and Management, 
109, 203-212. 
Diersch, H. J. 2014. FEFLOW: Finite Element Modeling of Flow, 
Mass and Heat Transport in Porous and Fractured Media, 
Springer, Berlin. 
Farouki, O. T. 1981. Thermal Properties of Soils, United States 
Army Corps of Engineers, Cold Regions Research and Engineer-
ing Laboratory, Hanover. 
Heinrich, J. C. & Pepper, D. W. 1999. The Intermediate Finite El-
ement Method: Fluid Flow And Heat Transfer Applications, Tay-
lor & Francis, New York. 
Luo, J. & Kitanidis, P. K. 2004. Fluid residence times within a re-
circulation zone created by an extraction–injection well pair. Jour-
nal of Hydrology, 295, 149-162. 
Nield, D. A. & Bejan, A. 2006. Convection in Porous Media, 
Springer, New York. 
Potts, D. M. & Zdravković, L. 1999. Finite Element Analysis in 
Geotechnical Engineering: Theory, Thomas Telford, London.
 
Sustainable improvement of an expansive soil using 
recycled materials
Amélioration durable d’un sol expansif par l’utilisation de maté-
riaux recyclés
M. Dimitriadi1*, C. Ureña1 , C.Fenton2 , W.Sim2 , C. Cheeseman2 and J.M.Azañon3
1 AECOM Ltd, St.Albans, UK
2 Imperial College, London , UK
3 University of Granada, Granada, Spain
* Corresponding Author
ABSTRACT The diminishing nature of our natural resources highlights the need for the development of procedures and designs that will 
maintain a sustainable future. For this reason, the present study investigates the effect of two industrial by-products as stabilisers of an ex-
pansive clayey soil from Jaen, Spain. Dolomite fly ash and Biomass fly ash from olive oil industry were mixed with the soil in different 
dosages (5% and 10%) and the samples were left to cure for 7, 14 and 28 days. The performance of the non-conventional stabilisers was 
examined through the following tests: Atterberg limits, standard Proctor compaction, oedometer and shear box. At the same time, the pH of 
the samples was recorded to evaluate the effect of the additives on the alkalinity of the soil. The additives proved to be successful at im-
proving the properties of the problematic soil. In some cases, their performance was comparable to that of conventional stabilisers used as a 
control. The Plasticity Index and the swelling potential of the soil were reduced whereas the shear and compaction properties of the soil 
were enhanced. It was also noted that the pH of the samples increased significantly after the treatments and the amount of smectite in the 
soil seemed to have diminished. A relationship was found to exist between the increase of pH, the modification of the mineral composition 
and the improvement of physical and mechanical parameters of the soil.
RÉSUMÉ En vue de la disparition de nos ressources naturelles, il est de plus en plus fondamental de développer des procédures et modèles 
durables. C’est pour cette raison que cette étude enquête sur l’effet de deux sous-produits industriels (Obtenu au sud de l’Espagne) en tant 
que stabilisateurs de sols argileux et expansifs. Des cendres volantes dolomite et des cendres volantes biomasse, venant de l’industrie de 
l’huile d’olive, ont été mélangées avec différents sols problématiques á différents dosages (5% á 10%). Ensuite les différents sols ont été 
laissé se reposer pendant 7, 14, et 28 jours. Les performances de ces stabilisateurs non-conventionnels ont été mesurées á travers les essais 
suivants : Les limites d’Atterberg, essai de compactage Proctor, essais œdométrique de consolidation et les limites d’effort tranchant ont été 
définies á l’aide de l’essai à la boite de Casagrande. Au cours des essais le PH des différents sols a été enregistré afin d’évaluer les effets 
des additifs sur l’alcalinité des sols. A travers ces essais il a été démontré que les additifs ont améliorés les propriétés des sols probléma-
tiques. Dans certains cas, les améliorations des performances des sols sont comparables à celles des additifs conventionnels utilisés. Il a 
aussi été remarqué que l’indice de PH des sols a considérablement augmenté  après l’utilisation des additifs et les niveaux de smectite pré-
sent dans le sol ont diminué.
1 INTRODUCTION
In recent years, the concept of sustainability became 
increasingly important within the field of building 
and construction. In-situ stabilisation of a problemat-
ic soil can diminish the need for disposal of large 
volumes of soil in landfills. Furthermore, the use of 
local materials can reduce the overall economic and 
environmental costs of the construction.
The use of traditional binders such as lime, cement 
and coal fly ash, has been thoroughly studied in the 
past (Jones 1958; McDowell 1959; Petry 2002).
However, these traditional agents are often expensive 
and not environmentally friendly. Thus, in recent 
years, a great effort has been made to study the po-
tential benefits of non-conventional additives as sta-
bilizers.
